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Retinaldehyde dehydrogenase type 2 (RALDH-2) is a major retinoic acid generating enzyme in the early embryo. Here we
report the immunolocalization of this enzyme (RALDH-2-IR) in stage 6–29 chicken embryos; we also show that tissues that
exhibit strong RALDH-2-IR in the embryo contain RALDH-2 and synthesize retinoic acid. RALDH-2-IR indicates dynamic
and discrete patterns of retinoic acid synthesis in the embryo, particularly within the somitic mesoderm, lateral mesoderm,
kidney, heart, and spinal motor neurons. Prior to somitogenesis, RALDH-2-IR is present in the paraxial mesoderm with a
rostral boundary at the level of the presumptive first somite; as the somites form, they exhibit strong RALDH-2-IR. Cervical
presomitic mesoderm exhibits RALDH-2-IR but thoracic presomitic mesoderm does not. Neural crest cells do not express
detectable levels of RALDH-2, but migrating crest cells are associated with RALDH-2 expressing mesoderm. The developing
limb mesoderm expresses little RALDH-2-IR; however, RALDH-2-IR is strongly expressed in tissues adjacent to the limb.
The most lateral, earliest-projecting motor neurons at all levels of the spinal cord exhibit RALDH-2-IR. Subsequently, many
additional motor neurons in the brachial and lumbar cord regions express RALDH-2-IR. Motor neuronal expression of
RALDH-2-IR is present in the growing axons as they extend to the periphery, indicating a potential role of retinoic acid in
nerve influences on peripheral differentiation. With the exception of a transient expression in the facial/vestibulocochlear
nucleus, cranial motor neurons do not express detectable levels of RALDH-2-IR. © 1999 Academic Press
Key Words: heart; hindbrain; kidney; limb development; mesoderm; motor neurons; neural crest; pattern formation;
retinaldehyde dehydrogenase; retinoic acid; somite.
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1INTRODUCTION
Vitamin A and its retinoid derivatives include several
compounds that are potent signaling molecules and must
be maintained in delicate balance during development. The
endogenously synthesized retinoid retinoic acid (RA) acts as
a transcriptional regulator to affect patterning and gene
expression in several systems. Three roles proposed for
endogenous RA during development are anterior–posterior
(A–P) pattern specification, promotion of neurite out-a
1
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288rowth, and promotion of neural crest cell outgrowth and
urvival (Maden et al., 1996). Teratogenic effects of either
xcess or insufficient retinoids during development indi-
ate that retinoids are essential for normal embryonic
evelopment. In cases of insufficient retinoids, a constella-
ion of deformities known as fetal vitamin A deficiency
yndrome is seen (Wilson et al., 1953; Sarma, 1959), char-
cterized by failure of the eyes to develop normally, micro-
ephaly, and development of heart defects. Also noted is a
oss of posterior axial structures and CNS (Maden et al.,
996). In cases of excess RA, there are defects in the limbs
nd craniofacial neural crest derivatives (Lammer et al.,
985), as well as a posteriorization of the CNS (Kessel, 1992;
0012-1606/99 $30.00
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289Localization of Retinoic Acid Synthesis in Chicken EmbryoKuratani et al., 1998) and alteration of hindbrain patterning
Marshall et al., 1992, 1996). The mechanisms by which RA
xerts these patterning effects have not been fully eluci-
ated. Until recently, efforts to localize the activity of RA
ave focused largely on the expression patterns of the
etinoid receptors rather than the patterns of RA synthesis.
hese receptors regulate expression of numerous genes,
ncluding those of the homeodomain (hox) clusters (Man-
elsdorf and Evans, 1995; Chambon, 1996; Kastner et al.,
997). The use of gene knockouts for single receptor sub-
ypes has not provided phenotypes as severe as found in an
bsence of RA, indicating that the receptors have a func-
ional redundancy (Lohnes et al., 1993). This redundancy
akes receptor localization an inexact tool for localization
f RA function. However, deficiencies are seen in retinoic
cid receptor (RAR) double mutants that are similar to
hose in vitamin A-deficient animals; thus, it is clear that
A is an important morphogen in normal embryonic devel-
pment (Lohnes et al., 1994).
Our research, and the work of others, has found patterns
f RA synthesis to be under tight spatiotemporal control;
herefore, synthesis localization may provide clues as to the
egulation of RA signaling activity. RA metabolism in-
ludes the following steps: cellular uptake of retinol (vita-
in A), the reversible oxidation of retinol to retinaldehyde,
second oxidation of retinaldehyde to RA, and the degra-
ation of RA (Napoli, 1996). The second oxidation from
etinal to RA is mediated by several aldehyde dehydroge-
ases including the enzyme retinaldehyde dehydrogenase-2
RALDH-2), a nicotinamide adenine dinucleotide (NAD)-
ependent dehydrogenase specific for retinaldehyde, origi-
ally named V2 (McCaffery et al., 1993; McCaffery and
ra¨ger, 1994; Zhao et al., 1996). RALDH-2 is the earliest
nzyme capable of RA synthesis found in the mouse em-
ryo, appearing early on embryonic day 7 (E 7.0) and first
ocalized to the posterior half of the embryo (Niederreither
t al., 1997). Later, most of the RALDH-2 activity is
ocalized in the brachial and lumbar enlargements of the
pinal cord (Colbert et al., 1993; McCaffery and Dra¨ger,
994). In addition, RALDH-2 message has been localized in
he mouse to the mesenchyme surrounding the spinal cord,
ensen’s node, the forebrain/eye region, and the subpopu-
ation of motoneurons in the spinal cord that innervate the
imbs (Zhao et al., 1996; Niederreither et al., 1997). With
he exception of the ventral retina, in which the enzyme V1
s active, the majority of RA synthesis during early devel-
pment is mediated by RALDH-2 (Dra¨ger and McCaffery,
995; Zhao et al., 1996; Niederreither et al., 1997). The
ALDH-2 protein has also been localized to selective sites
ithin the developing mouse heart (Moss et al., 1998). The
se of a RA reporter cell line (Wagner et al., 1992) that
xpresses b-galactosidase under the control of a retinoic
cid response element (RARE) from the RARb receptor has
een used to confirm the synthesis of RA from tissues
xpressing RALDH-2 mRNA in the mouse (McCaffery and
ra¨ger, 1995). Maden and colleagues (1998) investigated
evels of RA in the chicken embryo using HPLC and a
t
n
Copyright © 1999 by Academic Press. All rightewly developed F9 RA reporter cell line. Their studies
how a rostral boundary for RA release at the level of the
rst somite in Hamburger and Hamilton (1951) stage 10
mbryos and differential levels of retinoids along the rostro-
audal axis of the embryo. These findings confirm endoge-
ous synthesis of retinoids within the chicken embryo and
ndicate a role for retinoids in establishing the hindbrain–
pinal cord boundary (Maden et al., 1998). To determine
precisely where retinoids may be synthesized in the em-
bryo, our studies explore the distribution of RALDH-2
protein in the embryo.
Here we present a detailed examination of the immuno-
histochemical localization of RALDH-2 protein in the
chicken embryo. In addition, we demonstrate that tissues
that are immunoreactive for RALDH-2 synthesize and/or
release RA. In the early embryo, the sites of RALDH-2
immunolocalization (RALDH-2-IR) correspond closely
with patterns of RA response (Moss et al., 1998) or synthe-
sis (this study and Maden et al., 1998); thus, the expression
map of RALDH-2-IR defines sites at which RA is likely to
play a role in development. A portion of this work was
presented previously in abstract form (Forehand et al.,
1997).
MATERIALS AND METHODS
Antibody Staining
White Leghorn chicken eggs (Oliver Merrill and Sons, Lon-
donderry, NH) were incubated at 37°C for 24 h to 6 days. Chicken
embryos between stages 6 and 29 (Hamburger and Hamilton, 1951)
were collected and fixed for 2 h to overnight in 4% paraformalde-
hyde. Embryos were stored in phosphate buffer and stained as
whole mounts with a rabbit polyclonal RALDH-2 antiserum di-
luted 1:2500. The antiserum was produced by injecting a New
Zealand White rabbit intranodally with recombinant RALDH-2
derived from a bacculovirus expression system (provided by H.
Gronemeyer, Institut Genetique Biologie Moleculaire et Cellu-
laire, CNRSI/INSERM/ULP, College de France, Strasbourg,
France). Since the crude RALDH-2 antiserum cross-reacts with
other members of the aldehyde dehydrogenase family that are
structurally very similar, the antiserum was preabsorbed with
acetone powder from chicken liver (Sigma), a tissue rich in alde-
hyde dehydrogenases except RALDH-2. The secondary antibody
was a FITC-labeled goat anti-rabbit IgG (ICN/Cappel) diluted 1:500
in 0.3% Triton X-100 (Sigma) in PBS.
For frozen sections, paraformaldehyde-fixed embryos were cryo-
protected in 30% sucrose and then transferred to OCT (Tissue-Tek)
for freezing at 230°C. Thirty micrometer sections were cut on the
cryostat. For paraffin sections, fixed embryos were dehydrated in
alcohols and then embedded in paraffin for sectioning at 10 mm. For
mbryos younger than stage 16, the rabbit anti-RALDH-2 was
iluted 1:5000; for older embryos, the dilution was 1:2500. The
econdary antibody used for sections was the same as that used for
he whole-mount preparations. At every stage, controls with no
rimary antibody were processed; no staining was observed in these
ontrols.
To assess whether RALDH-2 is expressed in neural crest cells,
issue sections were stained with a monoclonal antibody to the
eural crest marker HNK-1 (Beckton Dickinson), diluted 1:100 in
s of reproduction in any form reserved.
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290 Berggren et al.0.3% Triton/PBS. The secondary antiserum was a rhodamine-
labeled goat anti-mouse IgM (Kirkegaard & Perry Labs) diluted 1:50
in 0.3% Triton/PBS.
To assess localization of RALDH-2 in motor neuron axons, an
antibody to the neural-specific b-tubulin marker Tuj-1 (Berkeley
ntibody Co.) was diluted 1:250 in 0.3% Triton/PBS. The
hodamine-labeled goat anti-mouse IgG secondary antiserum
Kirkegaard & Perry Labs) was diluted 1:50 in 0.3% Triton/PBS.
IEF Immunoblotting and Zymography
To determine that the chicken RALDH-2 is equivalent to that
originally isolated in the mouse, isoelectric focusing (IEF) was
performed. First, tissue was homogenized by trituration in homog-
enization buffer and centrifuged at low speed to remove the nuclear
pellet. The sample was then loaded onto an Isolab “Resolve” pH
3–10 agarose isoelectric focusing gel and run according to the
manufacturer’s instructions. The gel was then blotted to nitrocel-
lulose and probed with crude RALDH-2 antiserum.
To test the RA synthesizing ability of the chicken RALDH-2,
tissue samples were prepared for IEF and assayed by zymography
bioassay as described by McCaffery and Dra¨ger (1997). Briefly, after
IEF, the agarose gel lanes were cut into multiple thin slices and
each slice was cultured with all-trans-retinaldehyde substrate and
NAD coenzyme. The supernatants were added to the cultures of
RA reporter cells (Sil-15 RA reporter cell line from Dr. M. Wagner),
which are F9 teratocarcinoma cells transfected with the RARE
from the RARb driving expression of a b-galactosidase reporter
(Wagner et al., 1992). The cells were incubated overnight, fixed, and
reacted for b-gal reaction product, which was analyzed colorimetri-
cally for a semiquantitative measure of RA synthesis (McCaffery
and Dra¨ger, 1997).
We also determined whether the tissues that show RALDH-2-IR
are capable of synthesizing and/or releasing RA without the addi-
tion of substrate or enzymes, that is, if the live tissue can
synthesize RA. For this assay, we dissected tissues from the
embryo and collected them in 100 ml of L15 medium (Sigma), with
similar tissues from several embryos collected together in one vial.
Dissected tissue was protected from light. The tissue was cultured
overnight and spun down at 10,000 rpm for ;1 min to separate the
tissue pellet from the supernatant. The supernatant was removed
and both supernatant and pellet were frozen separately at 270°C
for later analysis. The amount of supernatant was equalized for
tissue protein content and added to cultures of RA reporter cells to
determine the amount of RA synthesized/released as determined
by colorimetric analysis. The absolute amount of RA synthesized
was determined by reference to a standard curve, which was linear
between the concentrations of 20 and 625 pM RA per milligram of
tissue.
Retrograde Labeling of VII/VIIIth Nerve
A population of RALDH-2-IR neurons was identified by retro-
grade labeling from the nerve adjacent to the otic vesicle (CN
VII/VIII) in the isolated hindbrain of stage 19 embryos. The nerve
projection was labeled retrogradely in vitro with rhodamine-tagged
extran amines as previously described (Fritzsch et al., 1993;
orehand et al., 1994; Glover, 1995). The hindbrain was incubated
t room temperature for 1 h, and then labeled for immunohisto-
hemical detection of RALDH-2 as described above.
e
o
Copyright © 1999 by Academic Press. All rightNote on Staging of Chicken Embryos
For embryos younger than Hamburger and Hamilton (H&H)
stage 16, but after the formation of the first somite at stage 7, we
refer to the age in terms of the number of formed somites, since this
is more exact than the broader stages described by Hamburger and
Hamilton (1951). Embryos before the formation of the first somite
and older than stage 16 are referred to by H&H stages, since the
somite number is less informative. All stages and somite numbers
are 61, since the different criteria that can be used to determine the
stages are not always consistent within an embryo. Our determi-
nation of stages depends most heavily on development of the trunk
and limbs. The first somite becomes difficult to distinguish after
the embryo has formed ;20 somites, but an effort was made to
count somites in a consistent manner.
RESULTS
RALDH-2 Found in the Chicken Embryo Is
Equivalent to the RALDH-2 Found in the Mouse
To confirm that the anti-RALDH-2 antibody recognized
only a single aldehyde dehydrogenase isoform, proteins
from chicken kidney, somites, and mouse spinal cord
(tissues that label strongly with the RALDH-2 antiserum)
were separated by IEF, blotted to nitrocellulose, and probed
with anti-RALDH-2 antiserum. Only a single band was
recognized in these chicken tissues, which was slightly
more basic than the mouse RALDH-2 (Fig. 1A).
For a functional comparison of the RALDH-2 enzyme in
chicken and mouse, we used IEF zymography that detects
RA-generating enzymes in proteins separated by their iso-
electric point. This assay identified a single enzyme in
chicken somites of identical pI to the enzyme recognized by
the antibody in the IEF blot. The chicken enzyme was,
again, found to be slightly more basic than the mouse
RALDH-2 (Fig. 1B). This level of variation between species
in the pH of a protein is to be expected. IEF zymography of
the entire embryo excluding the head also showed only a
single peak (data not shown). In contrast, IEF zymography of
the eye, which contains other RA synthetic enzymes,
shows other enzymes as distinct and separate peaks in the
IEF fraction (data not shown; and Mey et al., 1997).
Tissues That Exhibit RALDH-2 Immunoreactivity
Are Capable of Synthesizing RA
To determine whether tissues exhibiting RALDH-2-IR
are capable of synthesizing and/or releasing RA in vitro,
e dissected out several of these tissues, maintained
hem in culture overnight, and assayed for RA in the
ulture supernatant with the RA responsive cell line
reviously described (Wagner et al., 1992; McCaffery and
ra¨ger, 1997). This experiment was performed in several
uns, but due to slight variances in culture times and
onditions, quantification of RA synthesis was best com-
ared within a single run. All of the tissues we tested that
xhibit RALDH-2-IR were capable of generating RA with-
ut the addition of any substrate (Table 1). This assay
s of reproduction in any form reserved.
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291Localization of Retinoic Acid Synthesis in Chicken Embryocannot distinguish de novo synthesis and release from
elease of previously sequestered RA. However, there was
inimal RALDH-2-IR in the hindbrain at the stages
ssessed biochemically (see below); thus, the finding that
he hindbrain does not synthesize detectable amounts of
A in culture indicates that RA synthetic ability corre-
ates with RALDH-2-IR in the chicken embryo. Simi-
arly, in the mouse, generation of RA in this assay
orrelates well with the distribution of RALDH-2 mRNA
McCaffery and Dra¨ger, 1994).
RALDH-2-IR in the Presomitic Embryo and Heart
Before the formation of the first somite, RALDH-2-IR was
present in the head fold, the precardiac mesoderm, and the
posterior paraxial mesoderm with a distinct border at the
level of the presumptive first somite (Figs. 2A and 2B). At
this stage there was little, if any, RALDH-2-IR detected in
the neural groove, primitive streak, or Hensen’s node. As
the heart tubes and somites began to form, the precardiac
mesoderm continued to show RALDH-2-IR. A distinct
expression of RALDH-2-IR in the lateral mesoderm was
continuous with that in the precardiac mesoderm (Figs.
FIG. 1. Identity of RALDH-2 in chicken embryo. (A) Proteins
from chicken kidney, somites, and mouse spinal cord were sepa-
rated by isoelectric focusing, blotted to nitrocellulose, and probed
with anti-RALDH-2 antibody. A single band was recognized in the
chicken tissues, which was slightly more basic than mouse
RALDH-2. (B) The IEF zymography specifically identifies and
separates retinaldehyde-specific aldehyde dehydrogenases accord-
ing to their isoelectric point. The single peak identifies a single
enzyme in the chicken somites of identical pI to the enzymes
recognized by the antibody (A).2C–2E). RALDH-2-IR was present in the walls of the heart
tubes as they formed and joined at the midline (Figs.
Copyright © 1999 by Academic Press. All rightA–3C). RALDH-2-IR remained in the walls of the heart
ube as the heart began to loop (Figs. 3C and 3D). At later
tages, after the heart had looped and the ventricles and
tria segregated, RALDH-2-IR became restricted to the
picardium (data not shown). Dorsal to the heart, RALDH-
-IR was present in the mesoderm of the esophagus (Fig. 3D)
nd in the mesoderm surrounding the gut tube (Figs. 3A–
C). RALDH-2-IR was not detected in the endoderm of the
ut or esophagus. RALDH-2-IR in the gut was not further
xplored.
When the first somites formed, the rostral border of
ALDH-2-IR in the presomitic paraxial mesoderm was
ocalized to the level of the first somite (Figs. 2A and 2B).
he immunoreactivity extended caudally into the pre-
omitic mesoderm, but did not extend rostrally adjacent
o the presumptive hindbrain. Low-level RALDH-2-IR is
etected in the mesoderm ventral to the hindbrain,
hich can be seen superimposed on the hindbrain in
hole mount preparations (Figs. 2C–2E). When these
indbrains are viewed in sections, it is apparent that
ALDH-2-IR is not detected in the hindbrain or adjacent
araxial mesoderm (Fig. 2G). The RALDH-2-IR seen
entral to the hindbrain is much less intense than that
een in the somites and could be located in the develop-
ng heart or pharynx, but was not further explored.
omites from stage 17–18 embryos assayed biochemically
ontained RALDH-2 and synthesized RA; RALDH-2-IR
n stage 12–15 hindbrains was below the level of detec-
ion, and these tissues did not synthesize RA (Figs. 1A
nd 1B; Table 1; and data not shown).
TABLE 1
RA Synthesis/Release from Isolated Tissues of Stage 10–27
Chicken Embryos
Region of embryo
Age of
embryo
pM RA/mg
proteina
Thoracic somites Stage 17–18 2.3 6 0.4
ervical ventral horn Stage 25 26.3 6 1.2
horacic ventral horn Stage 25 15.5 6 0.5
ervical ventral horn Stage 26/27 30.1 6 2.2
horacic ventral horn Stage 26/27 17.5 6 2.6
ateral mesoderm Stage 25 2.4 6 0.5
idney Stage 25 3.9 6 0.9
indbrain Stage 12–15 0.0 6 0
Note. A colorimetric assay of RA content was performed with
il-15 RA responsive cells, with intensity of b-gal expression
quantified to show relative amounts of RA. (Somitic and lateral
mesoderm synthesis of RA is likely to be considerably higher in
embryos younger than stage 16 as we typically needed double the
antibody concentration for immunohistochemical studies in em-
bryos older than stage 16.) Values are expressed as means 6 SEM
with assays done in triplicate.
a Determined from a standard curve.
s of reproduction in any form reserved.
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292 Berggren et al.RALDH-2-IR Has a Differential Distribution
within Cranial and Thoracic Somites, with a
Rostral Boundary at the First Somite
Previously, expression of the mRNA of RALDH-2 was
found to be strongest in the most recently formed somites
(Niederreither et al., 1997). We have found a marked vari-
ability in RALDH-2-IR in somites depending on axial posi-
tion and age of the somite. Most notably, the intensity of
RALDH-2-IR in the presomitic area differs between the
cervical region (first 20 somites) and thoracic region
(somites 21–25). In 10-somite embryos, all somites were
intensely labeled, with no RALDH-2-IR seen extending
rostrally from the first somite (Fig. 2D). At this stage, the
lateral mesoderm and presomitic mesoderm were also
strongly immunoreactive, with the label in the presomitic
mesoderm extending approximately 4 presumptive somites
beyond the last formed somite.
In a 14-somite embryo, the label in all somites remained
strong, but the extent of the labeled presomitic mesoderm
was reduced to the size of approximately 2 presumptive
somites (Fig. 2E). By the time the embryo reached 17
somites, the RALDH2-IR in presomitic mesoderm was
reduced to the area of 1 presumptive somite (data not
shown). Therefore, as the last formed somite approached
the thoracic boundary at somite 20, the extent of presomitic
RALDH-2-IR diminished.
By the time 20 somites had formed, the presomitic
mesoderm, which will form thoracic somites, no longer
showed detectable RALDH-2-IR. In contrast to the cervical
somites, which showed an even distribution of RALDH-2-
IR, immunoreactivity in the thoracic somites is preferen-
tially localized to the dermamyotome and is less intense
than in the cervical somites (Figs. 2J and 2K). In the older
FIG. 2. Development of RALDH-2-IR in the mesoderm. (A) 0-so
esoderm (psm) up to the level of the first presumptive somite an
hf). The neural groove (ng) shows an absence of RALDH-2-IR thro
ut the label is not detected in the node itself. ps, primitive streak
iew. RALDH-2-IR boundary seen in A is shown to be at the level
ALDH-2-IR is now detected in the somites, lateral mesoderm (lm)
o form along the midline. (D) 10-somite embryo, ventral view. RAL
n the midline, rostral to the first somite. (E) 14-somite embryo, ven
owever, the label in the psm is not as extensive as that seen in th
ALDH-2-IR in the presomitic mesoderm is not detectable, though
lso shows RALDH-2-IR as it extends beyond the last somite (arrow
cale bar, 200 mm. (G) Transverse section through the hindbrain o
entral to the hindbrain, but RALDH-2-IR is not detected in the hin
ection through somite 3 of a 9-somite embryo (3 of 9) and (I) sectio
omites fades as the embryo matures. s, somite; nt, neural tube (ou
(J) Transverse section through somite 6 of 10 and (K) section throug
maturity is lower in the thoracic (K) than in cervical (J) somites. (L)
last somite. Psm does not show RALDH-2-IR, while there is RALD
to level of psm in (F). There is no detectable RALDH-2-IR in the n
(F9) are no primary controls of comparable age to (C), (D), and (F), respec
mounts is due to the density of the tissue, rather than to specific stain
Copyright © 1999 by Academic Press. All rightmbryos, RALDH-2-IR in the most rostral somites waned
Figs. 2H and 2I).
At the 22-somite stage, the most caudal RALDH-2-IR was
een in the mesonephros as it extended beyond the level of
he last somite (Figs. 2F and 2L). RALDH-2-IR was still
pparent in the mesonephros when the embryo reached
ater stages (see below).
RALDH-2-IR in the Developing Kidney
RALDH-2-IR was present in the developing kidney from
the 10-somite stage (data not shown). The first immunolo-
calization was in the pronephric duct from its earliest
inception. RALDH-2-IR in the pronephros was obvious as it
ran lateral to the somites and extended beyond the last
somite between the somite and the lateral mesoderm (see
Figs. 2F and 2L). RALDH-2-IR was then present in the
developing mesonephric duct and tubules; by stage 21, the
mesonephric duct showed diminished RALDH-2-IR, with
strong IR in the adjacent mesonephric mesenchyme (Figs.
4A and 4B). Developing kidneys dissected from stage 25
embryos for RA synthesis assay and E5 embryos dissected
for IEF zymography contained RALDH-2 and generated RA
(Fig. 1B, Table 1).
Neural Crest Cells Do Not Express RALDH-2
Coronal sections through cervical and thoracic regions
of embryos showed a periodicity of RALDH-2-IR in the
somites, which appeared as patchy staining in the rostral
halves of somites. When sections were double-labeled for
RALDH-2 and HNK-1, it was found that the blank areas
in RALDH-2-IR were occupied by neural crest cells (Fig.
5). The general level of RALDH-2-IR in the somitic tissue
embryo, dorsal view. RALDH-2-IR is detected in the presomitic
present in the precardiac mesoderm (pcm) lateral to the head fold
ut. The tissue adjacent to Hensen’s node (hn) shows RALDH-2-IR,
erior to hn. Scale bar, 200 mm in A–E. (B) 1-somite embryo, dorsal
e first somite. nf, neural folds. (C) 4-somite embryo, dorsal view.
psm. Pcm continues to show RALDH-2-IR as the heart tubes begin
2-IR is seen in the pcm, lm, and psm. The heart tubes have formed
view. RALDH-2-IR in the pcm persists, as does the label in the lm.
nger embryos. (F) 22-somite embryo. Somite 20 is numbered (s20).
present in the lm and the formed somites. The mesonephric duct
s). RALDH-2-IR can be seen in the mesoderm dorsal to the eye (*).
-somite embryo. Faint RALDH-2-IR is detected in the mesoderm
n or adjacent paraxial mesoderm. Scale bar, 100 mm. (H) Transverse
ough somite 3 of 17 show that the RALDH-2-IR in the most rostral
d with short dashes); nc, notocord. Scale bar in H, 100 mm in H–K.
ite 23 of 27. The intensity of RALDH-2-IR in somites of the same
sverse section of a 28-somite embryo in the region posterior to the
-IR in the lm and in the mesonephric duct (arrowheads). Compare
tube (nt) or notocord (nc). Scale bar, 100 mm. Note: (C9), (D9), andmite
d is
ugho
post
of th
, and
DH-
tral
e you
still
head
f a 12
dbrai
n thr
tline
h som
Tran
H-2
eural
tively. The fluorescence apparent in the hindgrain in these whole
ing. Scale bar in C’ is 100m for C9, D9, and F9.
s of reproduction in any form reserved.
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294 Berggren et al.of rostral or caudal somite halves appeared equivalent
FIG. 3. RALDH-2 localization in the developing heart. Transverse
esoderm adjacent to the hindbrain indicated (*), and (B) through
he heart tubes as they approach the midline. RALDH-2-IR is also s
ut not in the neural tube (nt) or the endodermal lining of the gut
15 embryo showing RALDH-2-IR in the heart wall, gut mesoderm,
tube and gut endoderm. (D) Transverse section of a stage 19 embryo
of only a portion of the heart (heart tube on left). In more caudal se
to the epicardium of the ventricle (not shown). Scale bar in C, 100and only appeared to be diminished in the rostral somites
because of displacement by the migrating neural crest.
a
R
Copyright © 1999 by Academic Press. All righteural crest cells were not immunoreactive for detect-
ions (A) through the caudal hindbrain of a 19-somite embryo, with
h cervical somite of a 20-somite embryo, showing RALDH-2-IR in
n the somite (*) and in the mesoderm surrounding the gut tube (v),
cale bar in A, 100 mm for A and B. (C) Transverse section of stage
ite, and lateral mesoderm (lm). Label is not detected in the neural
this stage, RALDH-2-IR in the heart is restricted to the epicardium
s of the heart at stage 19, RALDH-2-IR can be seen to be restricted
for C and D.sect
a hig
een i
(G). S
som
. Atble levels of RALDH-2. In the head and branchial arches,
ALDH-2-IR and HNK-1-IR did not colocalize in cells,
s of reproduction in any form reserved.
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between the two proteins. RALDH-2-IR was not detected
in the head when the neural crest began migrating at the
10-somite stage, but at later stages RALDH-2-IR was
often seen in the mesoderm surrounding the migration
pathway of the neural crest and near the migration
targets of the neural crest cells (Fig. 5E). No cells that
colabeled for the two proteins were observed; the inter-
action between RALDH-2-IR and neural crest migration
was not further investigated.
RALDH-2-IR Rostral to the Spinal Cord
There was little RALDH-2-IR detected in the head of the
embryo before the embryo began to turn at around stage 14.
After this stage, the branchial arches begin to form, the
features of the head become more distinct, and the levels of
RALDH-2-IR also increase. After the 17-somite stage,
RALDH-2-IR was detected in the cranial mesoderm dorsal
to the eye (Figs. 2F, 5E, 6A and 6B). This RALDH-2-IR
consisted of a diffuse area of staining between the forebrain
and the retina. RALDH-2-IR was also present in the retinal
pigment epithelium as it was forming (Fig. 6B).
RALDH-2-IR was detected in a small distinct area in the
most lateral part of the cleft between the first and the second
branchial arches (Figs. 6A, 6C, and 6D). Additionally,
RALDH-2-IR was seen in the lateral region of the otic vesicle
and on the inferior surface of the presumptive maxilla where
it contacts the first branchial arch (data not shown).
The developing brain was essentially devoid of detect-
able RALDH-2-IR at the stages examined. However, there
was a small population of RALDH-2-IR cells in the
ventral region of the caudal hindbrain in stage 16 –20
embryos (Figs. 6D– 6F). These cells were located adjacent
FIG. 4. RALDH-2-IR in the mesonephric tubules of the developing
kidney. (A) Coronal section of a stage 19 embryo showing RALDH-
2-IR in the mesonephric tubules (m) adjacent to the lateral mesoderm
(lm). RALDH-2-IR is also present in the overlying LEM. Scale bar, 100
mm. (B) Stage 21 embryo at greater magnification, showing that the
RALDH-2-IR diminishes in the kidney tubules at this stage, but is
still seen in the surrounding mesoderm. Scale bar, 100 mm.
IG. 5. RALDH-2-IR is not present in neural crest cells. (A and B)
oronal section through cervical somites of a stage 19 embryo.
aps appear in the RALDH-2-IR when viewed alone (arrows in A),
ut when counterstained with HNK-1, neural crest cells can be
een (arrows in B) migrating through the regions where there are
aps in the RALDH-2-IR. (C and D) Coronal section through a more
orsal region of the somites. The gaps in the RALDH-2-IR (arrow in
) are more continuous along the A–P axis, consistent with the
ocation of HNK-1-IR cells as they migrate (arrow in D). sc, spinal
ord. Scale bar in A, 100 mm for A–D. (E) Sagittal section through
the head of a stage 17 embryo showing the HNK-1 staining of the
neural crest cells (arrows) migrating through the area of RALDH-
2-IR dorsal to the eye. The HNK and RALDH-2-IR cells do not
colabel. Scale bar, 100 mm.
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296 Berggren et al.to the otic vesicle in rhombomeres 4 and 5 (r4, r5) and
appeared to be in the facial/vestibulocochlear nucleus.
Retrograde labeling with dextran amines from the nerve
root near the otic vesicle demonstrated that RALDH-2-IR
is present in neurons of the VII/VIIIth nerve, but only in
FIG. 6. RALDH-2-IR rostral to the first somite: (A) stage 17 embry
(*) and in the first branchial groove (arrow), and a small amount is
embryo is precipitation of secondary antibody on the external mem
in all other images, 100 mm. (B) Stage 18 embryo section shows R
mesoderm dorsal to the eye (*). The red label seen is autofluoresce
A to show lateral branchial groove RALDH-2-IR (arrow). (D) Stage
groove RALDH-2-IR can be seen in the lower left (arrow), as well as
double-label for RALDH-2 and Tuj-1 (arrowheads). (E) Area of a stag
the root of the VII/VIIIth nerve near the otic vesicle. Shown are ce
and cell adjacent), cells labeled by the tracer alone (arrowhead), and c
4 and 5 from a flat-mounted stage 18 hindbrain. White arrow, root
arrows, axons from midline to root of CNVII/VIII.a subset of the total neuronal population (Fig. 6E). As
these cells were sparse in transverse sections (;5 cells/
w
e
Copyright © 1999 by Academic Press. All rightection), they were analyzed further in whole-mount
reparations of dissected hindbrains. The axons of these
ells were then seen to extend laterally where they
urned and exited the hindbrain with the root of the facial
erve (Fig. 6F). These RALDH-2-positive hindbrain cells
ole mount. RALDH-2-IR is seen in the mesoderm dorsal to the eye
in the nasal placode (arrowhead). Punctate label at the top of the
es in this whole-mount preparation. Scale bar in A and C, 200 mm;
H-2-IR in the nonneuronal retina of the eye (arrows) and in the
f red blood cells. (C) Region of stage 17 whole mount outlined in
hindbrain section colabeled for Tuj-1 to show neurons. Branchial
all population of RALDH-2-positive cells in the hindbrain, which
indbrain retrogradely labeled with rhodamine dextran amine from
uble-labeled with the retrograde tracer and RALDH-2 (long arrow
labeled for RALDH-2 alone (short arrows). (F) Area of rhombomeres
NVII/VIII; arrowhead, midline RALDH-2-positive neurons; yellowo wh
seen
bran
ALD
nce o
18
a sm
e 19 h
lls do
ellsere not seen in stage 14 or 15, the earliest stages
xamined; the RALDH-2-IR in these hindbrain neurons
s of reproduction in any form reserved.
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297Localization of Retinoic Acid Synthesis in Chicken Embryowas no longer detectable after stage 20. No other
RALDH-2-IR was seen in the neural hindbrain or other
cranial nerve nuclei at these stages. The latest stage
examined was stage 29.
RALDH-2-IR in the Limb and Its Innervating
Motor Neurons
RALDH-2-IR was present in the ventral horn of all
regions of the spinal cord from stage 17 through stage 29,
the latest stage examined (Fig. 7 and Table 1). The RALDH-
2-positive cells were located in the ventral horn and had
processes that exited through the ventral root, and thus
they could be identified as motor neurons. Preganglionic
neurons were not RALDH-2-positive, based on the location
of the RALDH-2-IR cells in the ventral motor column and
not in the location of the developing column of Terni
(Prasad and Hollyday, 1991; Cornbrooks et al., 1997). The
istribution of RALDH-2-IR in somatic motor neurons
aried with axial position and age of the embryo. There was
small population of RALDH-2-positive thoracic motor
eurons and a differential distribution of RALDH-2-IR
otor neurons in the brachial and lumbar regions. RALDH-
-IR was present in the somata, dendrites, and axons of the
otor neurons.
In stage 17 embryos, the first RALDH-2-positive cells
ere seen in the most lateral part of the ventral horn at
ervical and thoracic regions (Figs. 7A and 7B); similar
abeling was present in the lumbar region by stage 19 (data
ot shown) but was not present at stage 17 (Fig. 7C). By
tage 21, there was a large population of RALDH-2-positive
ells in the most lateral ventral horn of the brachial region
nd a much smaller population in the lateral thoracic cord.
he lumbar cell population was larger than the thoracic,
ut significantly smaller than the brachial population at
tage 21 (not shown).
By stage 24, the RALDH-2-IR in the lateral motor column
LMC) expanded in the brachial and lumbar regions, with
he most intense labeling occurring in the most lateral part
f the cord; the thoracic population did not increase beyond
he population size seen at stage 21 (Figs. 7D–7F). At stage
4, the axons extending into the wing and leg could be
learly seen; RALDH-2-IR was present in motor axons but
ot in sensory axons. By stage 27, a difference appeared in
he distribution of RALDH-2-IR cells in the brachial and
umbar regions that became more pronounced by stage 29.
t brachial levels of stage 29 embryos, the entire LMC was
ALDH-2-positive (Fig. 7G) with no RALDH-2-IR in the
edial motor column (MMC) as determined by colabeling
ith Tuj-1 (data not shown). At the lumbar level the
mmunoreactivity was most pronounced in the medial part
f the LMC (Fig. 7I), with unlabeled neurons present both
aterally and medially to the area of RALDH-2-IR represent-
ng the lateral LMC and the MMC (not shown). The small
opulation of RALDH-2-IR cells in the extreme lateral
horacic ventral horn persisted at stage 29 (Fig. 7H). Bio-
hemical analysis of RA synthesis by stage 25–27 ventral
Copyright © 1999 by Academic Press. All rightorn tissue indicated that cervical ventral horn synthesized
pproximately twice as much RA as thoracic ventral horn
Table 1). The levels of RA synthesis by the thoracic ventral
orns appeared higher than the immunoreactivity indi-
ated. This could be due to the inclusion of meninges in the
issection, as the meninges showed high levels of RALDH-
-IR throughout the spinal cord at all stages examined.
ince the dissections of the cervical and thoracic ventral
orns were performed similarly, the comparison be-
ween levels was likely accurate, even if the absolute levels
f synthesis were exaggerated by the inclusion of the
eninges.
From the earliest stages examined through stage 27, the
nly RALDH-2-IR in the spinal cord other than in motor
eurons was in the roof plate. Intense roof plate expression
f RALDH-2 began at stage 16 and was apparent through
tage 27 (Figs. 8A–8C). After stage 30, other cells in the
entral spinal cord began to express RALDH-2 (not shown);
hether these cells are neuronal or glial has not been
etermined. We have not performed further analysis of the
pinal cord from embryos older than stage 29.
In addition to the cell bodies, both dendritic and axonal
rocesses of the motor neurons exhibited strong RALDH-
-IR (Figs. 7D–7G and 8C). As the axons grew into the
eriphery, their trajectory could be followed well into the
imb, where the limb mesenchyme adjacent to the axon tips
egan to express RALDH-2-IR (Fig. 8C).
As previously suggested, RALDH-2 present in the dorsal
all of the coelomic cavity may be a source of RA that
rovides patterning signals to the developing limb (Zhao et
l., 1996; Niederreither et al., 1997). Here we present
evidence that there are other potential sources of RA closer
to the limb. For both wing and leg buds, the lateral meso-
derm immediately rostral and caudal to the limb fields
showed strong RALDH-2-IR (Fig. 8A). At early stages of
limb development (stage 16–17), this lateral mesoderm
blended into the limb fields and there was some immuno-
reactivity in the nascent limb buds. By stage 19, the wing
and leg buds were more distinct from the lateral mesoderm,
and the levels of RALDH-2-IR had significantly decreased
(Fig. 8B); by stage 24, it was undetectable (data not shown).
However, RALDH-2-IR remained strong in the lateral me-
soderm rostral and caudal to the limb buds at later stages.
Thoracic lateral mesoderm dissected from stage 25 embryos
displayed synthesis/release of RA in our culture assay
(Table 1).
Another source of RA for the early limb bud may be the
membranes lying adjacent to it. RALDH-2-IR on the dorsal
surface of the coelomic cavity was continuous with the
region labeled around the mesonephros and with the ven-
tral aspect of the lateral mesoderm extending toward the
limb (Fig. 8B). This ventral aspect of the lateral mesoderm
thins to become a membrane that extends around the
ventral surface of the limb and is continuous with the
amnion. As we have not found specific reference to this
membrane as distinct from the lateral mesoderm and am-
nion, which border it medially and dorsolaterally, we refer
s of reproduction in any form reserved.
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298 Berggren et al.FIG. 7. RALDH-2-IR in brachial, thoracic, and lumbar motor neurons. (A) Stage 17 cervical section showing RALDH-2-IR motor neurons
n the most lateral part of the ventral horn (arrows). RALDH-2-IR is also seen in the somitic tissue (s) lateral to the spinal cord. There is
o other RALDH-2-IR detected in the spinal cord or notocord (nc). Scale bar, 50 mm for A–C. (B) Stage 17 thoracic section shows similar
RALDH-2-IR to that seen in the cervical region. (C) RALDH-2-IR is not detected in lumbar motor neurons at stage 17. (D) Stage 24 cervical
section shows a significant increase in the population of RALDH-2-IR motor neurons (arrow). Motor axons extending into the wing also
show RALDH-2-IR (arrowhead), which is not seen in the sensory axons entering the dorsal root ganglia (drg). RALDH-2-IR is also seen in
the meninges adjacent to the spinal cord (*). Scale bar, 100 mm in D–I. (E) The thoracic population of RALDH-2-IR motor neurons remains
mall (arrow). (F) The lumbar population of RALDH-2-IR motor neurons (arrow) is larger than that seen in the thoracic region (D), but not
s large as in the cervical cord (C). (G) Stage 29 cervical cord shows RALDH-2-IR in the entire lateral motor column population of motor
eurons (white arrow). The dendrites of these neurons also show RALDH-2-IR (yellow arrow), as do the meninges (*). (H) Stage 29 thoracic
ord shows a small population of RALDH-2-IR motor neurons in the most lateral ventral horn (arrow). (I) Stage 29 lumbar cord shows the
ocalization of the RALDH-2-IR motor neurons to the medial lmc (arrow).
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Copyright © 1999 by Academic Press. All rightto it as the lateral extraembryonic membrane (LEM). In the
region of the early limb buds, beginning at approximately
stage 17, RALDH-2-IR is clearly detected in the LEM
adjacent to the limb bud. The LEM label extended along the
ventral side of the limb, but in the caudal part of the limb
the label ended at the transition from ventral to dorsal,
where the apical ectodermal ridge (AER) forms (Saunders,
1948) (Fig. 8B).
DISCUSSION
The present study maps the patterns of potential RA
synthesis in the developing embryo. We show that (1)
RALDH-2 protein is present in the chicken embryo in
regions previously shown to contain RALDH-2 mRNA in
mouse and chicken (Zhao et al., 1996; Niederreither et al.,
1997; Moss et al., 1998); (2) there is a differential distribu-
ion of the RA synthetic enzyme RALDH-2 in the chicken
mbryo, and the pattern is spatiotemporally regulated
hroughout development; and (3) there is strong RALDH-
-IR in the somites, cervical presomitic mesoderm, and
ateral plate mesoderm. Additionally, there is restricted
ALDH-2-IR in motor neurons and their axons, in the
idney and dorsal coelomic wall, in the esophagus and gut
esoderm, in the membrane adjacent to the early limb bud,
nd in a population of cranial neurons of the facial/
estibulocochlear nucleus.
RA Synthesis and Axial Patterning of the Embryo
We report striking differences in the levels of RALDH-2
protein throughout the rostrocaudal axis of the developing
arrow) and roof plate. Red label in aorta is due to autofluorescence
of red blood cells photographed through a dual fluorescence filter.
Scale bar, 100 mm. (B) Stage 19 embryo sectioned through the
caudal wing bud. RALDH-2-IR is minimal in the wing bud itself,
but is present in the lateral extraembryonic membrane (LEM),
mesonephros (mes), and dorsal wall of the coelomic cavity (cc).
RALDH-2-IR diminishes in the membranes dorsal to the apical
ectodermal ridge (aer, arrowhead), where the membrane becomes
the amnion. A small population of RALDH-2-positive motor neu-
rons (yellow arrow) is seen in the neural tube. The roof plate is the
only other detectable RALDH-2-IR in the neural tube. Scale bar,
100 mm. (C) Stage 26 wing section showing RALDH-2-IR in the
motor neurons (yellow arrow) and their axons (arrowhead). The
area surrounding the brachial plexus also shows RALDH-2-IR (*).
As the axons extend into the limbs, the tips are surrounded by a
region of RALDH-2-IR in the mesenchyme of the wing (red arrow
shows dorsal branch, blue arrow shows location of ventral branch).
The kidney (mes) and the meninges and mesoderm surrounding the
spinal cord also show RALDH-2-IR. Autofluorescence of the red
blood cells in the blood vessels is seen as red staining. The kidney
a
r
rea appears yellow because of the combined RALDH-2 label andFIG. 8. Transverse sections of embryos showing RALDH-2-IR
near the limb buds. (A) Transverse thoracic section adjacent to the
leg bud of a stage 17 embryo. In the regions just rostral and just
caudal to the wing and leg buds, RALDH-2-IR is seen in the lateral
mesoderm (lm), as well as in the mesonephros (mes). In the neuraled blood cell autofluorescence.
s of reproduction in any form reserved.
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strate restricted RA synthesis in the mouse embryo (Mc-
Caffery et al., 1992, 1993; Zhao et al., 1996; Niederreither et
al., 1997; Moss et al., 1998). Through this restriction of
synthesis, RA may function as a morphogen, providing
positional information within the developing embryo. In
the earliest stages of development, RA synthesis provides a
demarcation in the paraxial mesoderm at the level of the
first somite (present study; McCaffery and Dra¨ger, 1994;
Maden et al., 1998). This anterior boundary of RALDH-2-IR
at the first somite corresponds with the future location of
the division between rhombomeres 6 and 7 (r6/r7). This is
also the rostral limit of expression of Hoxd-4 (Horton and
Maden, 1995) and RXRa (Hoover and Glover, 1998); we see
ALDH-2-IR at an earlier age than these genes have been
nvestigated. RXRg, while not corresponding exactly to the
domain of RALDH-2-IR, is also present in the caudal
hindbrain and in the region of the first two somites begin-
ning at stage 11 (Rowe and Brickell, 1995). The anterior
boundary of RALDH-2-IR also corresponds to a site of
positional apoptosis in the vitamin A-deficient quail em-
bryo (Maden et al., 1997). Maden et al. (1997) proposed that
this apoptosis plays a role in the removal of cells that have
been incorrectly specified in the rostrocaudal axis. There-
fore, it follows that the RA synthesized at the first somite
(and absent in the vitamin A-deficient quail) is involved in
the correct specification of the cells lost in the absence of
RA. The RA sensitivity of cells near this boundary may be
involved in their positional specification.
The hox cluster of genes is involved in the determination
f the A–P axis in vertebrates by establishing positional
alues along the A–P axis (Hunt et al., 1991). RA activates
genes, including those of the hox cluster, through a RARE
in the cis-regulatory region of the target genes (Leid et al.,
1992; Zwartkruis et al., 1993). The genes Hoxa-1 and
Hoxd-4 have both been shown to contain RAREs (Langston
and Gudas, 1992; Popperl and Featherstone, 1993), suggest-
ing that the presence of endogenous retinoids may be
required for the expression of the hox genes involved in
axial patterning, especially in the hindbrain (Marshall et al.,
1996). In addition to specifying the segmental identity of
the rhombomeres in the hindbrain, the hox genes are also
found in the neural crest derivatives of the rhombomeres as
they migrate into the branchial arches, suggesting a role of
these genes in the development of the craniofacial struc-
tures derived from the branchial arches (Gale et al., 1996;
Saldivar et al., 1996; Gavalas et al., 1998). Hox genes
possess a positional sensitivity to RA and are activated in a
dose dependent-fashion, with the more 39 genes requiring a
lower concentration of RA for activation than the 59 mem-
bers of the hox family (Simeone et al., 1990, 1991; Marshall
et al., 1996). The sensitivity of the more rostral hox genes to
small doses of RA could explain many of the craniofacial
deformities that occur with exposure to exogenous RA,
many of which involve the branchial arch and neural crest
derivatives of the hindbrain (Lammer et al., 1985; Marshall
et al., 1996).
Copyright © 1999 by Academic Press. All rightWe propose that RA synthesized at high levels in the first
somite diffuses anteriorly through the hindbrain at very
early stages and contributes to establishment of hox gene
patterns (also proposed by Maden et al., 1998), as well as to
patterns of later RALDH-2 expression in the hindbrain and
branchial arches. This hypothesis is supported by the find-
ing that a posterior transposition of rhombomeres to a
region adjacent to rostral somites (A–P transposition) in-
duces the ectopic expression of hox genes in regions of the
hindbrain more anterior than their normal domains of
expression (Grapin-Botton et al., 1995; Itasaki et al., 1996).
There is clearly a somite-derived signal that influences the
hox expression in the hindbrain, and RA has been proposed
to be this signal, as exogenous RA has been shown to
duplicate the effects of somite grafts adjacent to the hind-
brain (Grapin-Botton et al., 1998). Recent studies have
shown that filter barriers large enough to allow the passage
of RA block this inductive activity (Gould et al., 1998), but
this is not sufficient evidence to preclude RA as the
endogenous signal, since RA coupled to a binding protein
may be blocked by a filter that would allow unbound RA to
pass (Stern and Foley, 1998). Injection of a dominant nega-
tive RARb in Xenopus results in organizational defects in
he hindbrain and anteriorization of r5 and r6 (van der Wees
t al., 1998), showing the RA requirement for positional
dentity of these rhombomeres. Further, absence of RA in
he vitamin A-deficient quail embryo results in a loss of the
osterior half of the hindbrain (Maden et al., 1996), pre-
ceded by a restricted zone of apoptosis in the caudal
hindbrain, which can be rescued by the application of
retinol (Maden et al., 1997). Since RALDH-2 is detectable in
rostral somites but not in hindbrain paraxial mesoderm, it
may be the source of RA acting on the most caudal
rhombomeres. These rhombomeres express retinoid recep-
tors that could mediate such effects, as well as hox genes
that are potential targets.
Retinoids may also affect axial patterning in the spinal
neural tube. Differences in RALDH-2-IR extend to the
presomitic mesoderm, in which RALDH-2-IR is detectable
as far caudal as the point where the 20th somite will form.
Caudal to the 20th somite, the somites still show RALDH-
2-IR, but the label is no longer detectable in the presomitic
mesoderm. Additionally, the cervical somites show more
uniform RALDH-2-IR than the thoracic somites, which
show RALDH-2-IR more strongly in the dermamyotome.
We have also noted a decrease in RALDH-2-IR in cervical
somites as the somites mature. These differences in RA
synthesis along the A–P axis could have a role in demarcat-
ing the cervical/thoracic boundary, which forms adjacent to
somite 20, and in specifying the motor neurons in these
regions to differentiate accordingly. Motor neuron identity
is apparently established by stage 13 for cervical and tho-
racic regions and by stage 15 for lumbar regions (Matise and
Lance-Jones, 1996; Yaginuma et al., 1996; Ensini et al.,
1998). Sections of the neural tube transplanted between
cervical and thoracic regions respond by adopting the motor
neuron character of the region to which they are trans-
s of reproduction in any form reserved.
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cells are young enough to respond to the paraxial mesoder-
mal signals (Ensini et al., 1998). Translocations of the
paraxial mesoderm along the rostrocaudal axis also alter
motor neuron differentiation, provided that the transloca-
tions occur prior to stage 13 (Ensini et al., 1998). Our results
indicate that thoracic and cervical/brachial somitic meso-
derm and presomitic mesoderm differ in their ability to
synthesize RA at the stages during which these transloca-
tions are effective in altering regional identity of the motor
neurons. Thus, RA synthesized in the somites and pre-
somitic mesoderm may be involved in specifying the re-
gional identity of the neural tube. This hypothesis is further
supported by the finding that double mutations of RARa
and RARg in mice lead to homeotic transformations within
he cervical region and at the cervical/thoracic boundary
ut not in the thoracic and lumbar regions (Lohnes et al.,
994). Sensitivity of spinal cord regional specification to RA
s also indicated by the finding that the distribution of
ubsets of preganglionic neurons within the thoracic spinal
ord is altered by manipulations of retinoid signaling in
tage 13–15 embryos (Forehand et al., 1998).
Limb Sources of RA
RA is known to have a role in the patterning of the limb.
Application of exogenous RA to the anterior limb can
duplicate the activities of the zone of polarizing activity and
induce alterations in the polarity of the limb (Eichele,
1989). A blockade of RA receptors leads to limb deformities
(Helms et al., 1996; Lu et al., 1997), and double mutants of
the RARa/g receptors have limb defects in outgrowth of the
long bones and digit specification (Lohnes et al., 1994).
These findings demonstrate that retinoid activity is neces-
sary for normal limb development. However, even though a
gradient of RA has been found in the limb through HPLC
analysis (Thaller and Eichele, 1987), no mediators of RA
synthesis have been found in the limb itself (Zhao et al.,
1996; Niederreither et al., 1997). It is possible that the RA
found in the limb diffuses there from a source in the dorsal
wall of the coelomic cavity (Niederreither et al., 1997). We
believe there is another possible source of RA closer to the
limb, as described below.
There is convincing evidence that RA is present in the
wing and leg buds of the chicken, with higher levels in the
posterior of the limb (Thaller and Eichele, 1987; Maden et
al., 1998). Our results demonstrate a strong localization of
RALDH-2 in the membrane adjacent to the limb bud. This
membrane may be a source of RA that can diffuse into the
posterior part of the wing bud and provide positional
information. Retinol is present in high levels in the limb
buds (Thaller and Eichele, 1987), providing endogenous
substrate for the synthesis of RA in the limb bud or in
closely adjacent tissues, as synthetic enzymes are not
detected in the limb itself. Previously, the kidney has been
proposed as a source of RA diffusing into the limb, but this
theory has been challenged by experiments in which a
Copyright © 1999 by Academic Press. All rightormal limb developed after the descent of the mesone-
hros had been completely blocked, and no kidney was
ormed at the level of the limbs (Fernandez-teran et al.,
997). We suggest that the membrane adjacent to the limb
r the lateral mesoderm proximal to the membrane could
e a source of endogenous RA in the developing limb bud.
RALDH-2-IR in Motor Meurons and Their Axons
RALDH-2-IR is present in spinal motor neurons from
stage 17 through stage 29 (the latest stage examined). At the
earliest stages, RALDH-2-positive motor neurons are
present in the most lateral regions of the cervical and
thoracic cords, with the only other neural tube labeling
seen in the roof plate. As the embryo ages, the population of
cervical motor neurons increases substantially while the
thoracic population remains stable through stage 29. Our
biochemical analysis indicates that cervical ventral horn
synthesizes approximately twice as much retinoic acid as
thoracic cord at stages 25–27 (see also Maden et al., 1998).
The lumbar region trails in its accumulation of RALDH-2-
positive motor neurons, but begins to show RALDH-2-IR
after stage 19. A previous report detailing brachial expres-
sion of RALDH-2 gene and protein (Sockanathan and Jes-
sell, 1998) indicated that the pattern of RALDH-2-IR motor
neurons is the same in the brachial and lumbar regions
(lumbar data was not shown), but we find significant
differences. First, as mentioned, the lumbar population lags
behind the brachial population in the initial accumulation
of RALDH-2-positive motor neurons. In addition, after
stage 26, the lumbar and cervical pools of RALDH-2-
positive motor neurons are differentially distributed. The
lumbar population begins to concentrate in a more medial
region of the LMC, and by stage 29, no RALDH-2-positive
cells are detected in the lateral LMC while the cervical
RALDH-2-positive motor neurons still occupy the lateral
LMC.
As the motor neurons, beginning at stage 17, and the roof
plate, beginning at stage 16, are the only areas of RALDH-
2-IR in the neural tube, it is surprising that Maden et al.
(1998) have reported high levels of RA in stage 10 and 15
spinal neural tubes as assayed by reporter cell response.
Since the meninges surrounding the neural tube show
strong RALDH-2-IR at these stages, however, it is possible
that pieces of meninges or small pieces of mesoderm that
were included in the dissection added to the RA response
recorded. Another possibility is that RA in the neural tube
is being synthesized by an alternate enzyme that has not yet
been identified, although we would have expected such an
enzyme to be detected by our zymography assay.
Previous in situ hybridization studies indicated
ALDH-2 message in motor neurons, particularly at bra-
hial and lumbar levels (McCaffery and Dra¨ger, 1994; Zhao
t al., 1996; Niederreither et al., 1997); our results demon-
strate that RALDH-2 protein is present in the somata,
axons, and dendrites of these motor neurons. The spinal
nerves extending toward the limbs show RALDH-2-IR in
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302 Berggren et al.the motor axons only; RALDH-2-IR is below detectable
levels in the sensory axons and the dorsal root ganglion
cells. Colabeling with Tuj-1 to stain b-tubulin in neurons
nd their axons shows that RALDH-2-IR is present through-
ut the length of the motor axons extending into the limbs.
he possible roles for RA synthesized in these axons
nclude guiding sensory axons, muscle differentiation, and
nduction of RALDH-2 in the limb mesoderm. Motor axons
acilitate growth of some sensory afferents into the limb
Landmesser and Honig, 1986; Honig et al., 1998). Interest-
ingly, RXRa is expressed by sensory, but not motor, neu-
ons and their axons in the limb (Rowe et al., 1991). Both
ARb1 and RARb2 are expressed in the developing limb; at
tage 24, RARb2 is preferentially localized to the proximal
limb mesenchyme in the vicinity of the nerve plexus
(Smith et al., 1995). This localization coincides with strong
RALDH-2-IR at the plexus. RA is also involved in muscle
differentiation (Halevy and Lerman, 1993), and denervation
of limb musculature results in alteration of muscle pheno-
type (Washabauh et al., 1998). Thus, RA released from the
motor axons could play a role in muscle differentiation in
the developing limb. An area of RALDH-2-IR is expressed in
the limb mesoderm surrounding the terminals of these
axons, indicating possible induction of RALDH-2 in the
mesoderm by the RA released from motor neuron axons.
RALDH-2 contains a RARE in its cis-regulatory region
(Zhao et al., 1996). It is not likely that RA from the motor
neurons plays a role in limb A–P patterning, as the motor
neurons enter the limb only after stage 23 (Hollyday, 1995),
and the gross morphology of the limb develops normally
following denervation (Washabauh et al., 1998).
RALDH-2-IR and Neural Crest
The interaction of RALDH-2-positive tissues with the
migration patterns of the neural crest presents a more
complicated story. We have shown that cervical and tho-
racic crests migrating through the somites do not show
RALDH-2-IR but rather migrate through areas of RALDH-
2-IR. In the absence of vitamin A and its retinoid deriva-
tives, the most profound neural crest defects are seen in the
region of the hindbrain, branchial arches, and other cranio-
facial structures (Maden et al., 1996). However, few defects
are seen in the spinal crest derivatives of these animals,
thus it is difficult to postulate a role for RA in crest
differentiation in spinal regions. In the head, there is a
much closer correlation between neural crest migration and
RA activity. Clinically and experimentally, the effects of
excess RA are seen as defects of craniofacial, cardiac, and
ophthalmic structures (Horton and Maden, 1995; Oakley
and Erickson, 1995; Rothman et al., 1995), mostly of neural
crest derivatives. RA applied directly to rhombomeres of
the hindbrain results in defective crest migration and alter-
ations to hox and Krox-20 expression in the hindbrain and
adjacent mesoderm (Gale et al., 1996). We did not see
RALDH-2-IR in any migrating crest cells as defined by
HNK-1 expression; however, on preliminary examination,
Copyright © 1999 by Academic Press. All rightwe found a correlation between crest migration and
RALDH-2-IR in the head. The areas of mesoderm in the
head that show RALDH-2-IR tend to be locations through
which crest migrates. Migrating crest in the chicken is
known to express RXRg (Rowe et al., 1992; Rowe and
Brickell, 1995). Whether RA synthesis by these mesodermal
regions locally affects crest differentiation has yet to be
determined.
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